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Abstract
This paper provides an update about the objectives and methods of the COMPASS hadron
programme and complements the content of the previous report SPSC–2007–002. The po-
tential of COMPASS is illustrated by the analysis of the data of the 2004 hadron pilot run
and the resulting preliminary value for the pion polarisability. First applications of the par-
tial wave analysis tools are presented, demonstrating that the spectrometer’s acceptance is
very well adapted to the kinematic coverage required. Finally, the status of selected detectors
with particular impact for the hadron programme is discussed.
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1 Summary
The following document describes the activities of the COMPASS collaboration in the
context of medium and low Q2 physics. These activities will mostly use high intensity hadron
beams, whereas muons act as important complement. We will outline the physics perspectives
and report on results from a first data taking. The physics program with hadron beams is part
of the originally approved COMPASS program and was started by a pilot hadron run in the
year 2004. This run was used as a test to study the response of the apparatus to a moderately
intense hadron beam. In addition to principle tests we also obtained first physics results using
pions from the beam. It turned out, that the parallel use of muons was a key ingredient for a
successful measurement. The presently foreseen setup for 2007 is based on the experience gained
in 2004.
In this paper further details are given on the objectives and methods of the COMPASS
hadron programme. It complements the content of the previous report SPSC–2007–002. The
potential of COMPASS is illustrated by the analysis of the data of the 2004 hadron pilot run
and the resulting preliminary value for the pion polarisability. First applications of the partial
wave analysis tools are presented, demonstrating that the spectrometer’s acceptance is very
well adapted to the kinematic coverage needed. Finally, the status of selected detectors with
particular impact for the hadron programme is discussed.
1.1 The pion polarisability
Compton scattering off extended charged particles reveals their response to the exposure of
a strong electromagnetic field. The response-function can be quantified by electric and magnetic
polarisabilities which have a classical interpretation. In a scattering experiment the polarisabili-
ties become visible by a deviation of the measured cross-section from the one expected for point
like particles. The latter one is described by the Thompson cross-section for spin-0 particles, for
spin 1/2 particles the scattering follows the Klein–Nishina formula. For instable particles this
processes can be inferred by scattering off the Coulomb field in the neighbourhood of a heavy
nucleus (Primakoff scattering) which was performed in COMPASS. Using 190 GeV/c pions we
have identified the scattering process using the outgoing pion and the detection of the real pho-
ton in our downstream calorimeter. As the scattering process occurs at very small momentum
transfers, this process can be observed with only little background, despite of its small cross
section.
Once events are properly selected, the value of the polarisability can be deduced from the energy
dependence of the ratio of measured over point-like cross-section. This differential cross-section
could, however, be distorted owing to geometric acceptance effects or by an imperfect function-
ing/calibration of our calorimeters. The cross check was done using data taken with muons,
for which the polarisability is known to be zero. Indeed, performing the equivalent analysis, we
found the measured ratio to be consistent with one, taking into account acceptance corrections
using MC events and radiative corrections. This self consistent method replaces detailed MC
studies but the statistical accuracy for the muon measurement contributes to the accuracy for
the pion measurement. The preliminary value deduced from this analysis infers a value for the
polarisability of the pion of βpi = −2.5 ± 1.7 × 10−4 fm3. This value agrees very well with the
most precise theoretical predictions, thus confirming low energy QCD calculations (see Fig. 1).
These had been put into question by the most recent measurement done at Mainz Univ. (pion
photo-production close to threshold) which showed about 2σ deviation, in accordance to a pre-
vious measurement done at Serpukhov, which had pioneered the measurements with Primakoff
reactions.
It is important to note, that this precise value was obtained with data taken at rather low beam
intensity within only three days of beam time (when the apparatus was running stably) while
the Mainz measurements took 40 days yielding a similar statistical accuracy (but larger model
dependent uncertainties). Further running with a better setup will allow a precision experiment
with much improved errors.















Figure 1: Overview of all measurements of the pion polarisability. The preliminary result from
COMPASS is shown in red together with the results of the calculations from chiral perturba-
tion theory (blue area). Please note that all experimental values have very different systematic
uncertainties which, for this figure, are added in quadrature to the statistical ones.
netic (βpi) polarisabilities are about of equal size but opposite sign. The two values can be
determined independently in a high statistics run owing to their different contributions at small
and high outgoing photon energies.
1.2 Production of new hadronic states
The main issue of modern light meson spectroscopy is the search for non-qq-states with
emphasis on the excitation of gluonic degrees of freedom (see the previous memo to the SPSC [1]
for a more detailed discussion of this subject).
Light meson spectroscopy is in the focus of various particle physics laboratories and experiments,
pursuing this issue with different and complementary reactions. Common wisdom proposes the
following different production mechanisms which have (or will be) pursued by various experi-
ments in the past or near future.
– radiative J/Ψ decays offer a good possibility owing to the strong coupling to gluons. The
two gluon subsystem is expected to strongly couple to hybrids or glueballs. These states
recoil against the photon such the full mass scale up to about 3.1 GeV is accessible. These
measurements have been performed by BES II in Beijing (see Fig. 2) and are in the focus
of the new machine and upgraded detector (see below).
– in the annihilation of pp and pn new states are formed. The process involves the anni-
hilation of up to 3 qq-pairs into gluons. At LEAR these processes were mostly studied
with annihilation at rest, where the quantum number of the initial state was measured
via the de-excitation of antiprotonic atoms in the initial state (or could be guessed). The
approach has been proven to be very successful as several new states could be observed
up to masses of about 1.8 GeV/c2.
Both of the above reactions cannot be used at COMPASS (unless a high intensity separated p
were constructed at CERN, an option proven feasible only recently). However, COMPASS can
address the following reactions, previously used at Brookhaven, Serpukhov and KEK.
– In diffractive projectile excitation and similarly diffractive like exclusive reactions, the
beam particle exchanges quantum numbers with a target, which can be seen as Regge
exchange or Pomeron exchange. The quantum numbers of the beam particle can be altered
leading to the creation of exotic states. Exchange of an a1 e.g. would lead to the population
3
of exotic quantum numbers.
– In central production both, projectile and target particle stay intact and loose less than
about 10% of their momentum (in centre of mass). The outgoing state is created in the
central rapidity (y) region (in COMPASS kinematics: [−1] < y < [1]). Although colliders
seem to have a better geometrical acceptance for the detection of such states, fixed target
experiments can very well tag the reaction by the precise observation of both scattering
partners and the new state, as acceptance usually covers xF > 0. The process is mediated
by either Regge exchanges or double Pomeron exchange, the ratio of which depends on
the centre of mass energy. Little is known about the cross-section dependence as function
of this cocktail of exchange processes. However, WA102 has found experimentally that a
kinematic filter can enhance the production of new states over ordinary mesons.
– Photo-production had so far not been used as a tool for exotic light meson spectroscopy.
However, a new and large project is setup at JLAB (see section below). It aims to produce
exotic hybrid mesons using a beam of polarised photons.
Using our muon beam photo-production with polarised virtual photons can be studied
at COMPASS as well. This has already been addressed within COMPASS and will be
described in more detail in Section 3. In addition, Primakoff production of hybrids using
hadron beams is also feasible and unique in the world, however, with lower rates. It would
allow to cleanly access the sector of strange hybrids using our tagged kaon beam.
1.3 Light meson spectroscopy - Work performed in COMPASS
COMPASS has performed preparatory work in spectroscopy in two ways.
– Data taken with muons and hadrons were used to perform first studies on the feasibility of
hadron spectroscopy within COMPASS. A first PWA analysis using muon data on the 4
charged pi final state. Dominant waves are 1−− and 2−− showing resonant like structures.
The physics interpretation of the results and states seen are in progress. MC studies
simulating the reaction µA→ µ′A 2pi+ 2pi− with the muon setup in 2003 have shown that
the partial waves generated in the reaction can well be reconstructed and that leakage to
false waves is small and caused mainly by finite momentum resolution of the apparatus.
In MC even up to 20–30 different spin parity and helicity amplitudes in this 4pi system
could be reconstructed.
Using data from the hadron pilot run an analysis using so called moments (a precursor of
a full PWA analysis) has been performed in the 3 charged pi final state. The exclusivity
of the reactions are nicely demonstrated, even if we had not been sensitive to possible ∆
excitations of the proton or nuclear excitations.
Both data sets show, that the acceptance of the COMPASS-experiment is well suited for
such investigations.
– We are currently performing MC simulations using the planned setup for the hadron beam
measurements in 2007. This setup comprises a liquid hydrogen target (LH2), a silicon tele-
scope, full electromagnetic calorimetry and the foreseen triggering scheme (see Section 4).
We simulated central production of resonances in the reactions:
1. pi−p → pi− pi+pi− p allowing for 11 waves
2. pi−p → pi− η p allowing for 2 waves
3. pi−p → pi− ηη p (2 waves)
4. pi−p → pi− 2pi+2pi− p
together with their decay, respecting phase space and state alignment as to obtain a
realistic angular distribution for the decay product. First aims are the cleanliness of the
reconstruction of these states and the appearance of ghost signals in wrong partial waves
similarly to the studies done the the muon beam results (see above).
Studies on the sensitivity of our results on the statistics, the ratio signal/background and
the selectivity of the apparatus towards the reaction mechanism are being prepared. It
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should be noted, however, that such studies are extremely time consuming and have (to
our knowledge) never been done for any other previous or planned experiment.
In addition to the above activities, we are setting up two complementary PWA-programs
for the analysis of hadronic scattering data. The two programs (discussed in more detail in
chapter 3) have their particular strength for diffractive and central production, respectively,
but they will also be used in parallel on the same data set to check reliability of the physics
interpretation of our data. This feature is unique in this field and results from the collaboration
of physicists with very different experience in this field.
1.4 Light meson spectroscopy at other laboratories
At JLAB, the hall-D experiment focuses on photo-production of light mesons at a mass
around 2 GeV. The goal of the GlueEx-Experiment is to map the spectrum of gluonic excitations
using linearily polarised photons with the ultimate goal to understand the quark and gluon
confinement
Photo-production has not yet been studied in this field or mass range (with the exception of a
first COMPASS analysis, still ongoing) and thus, it opens up a new approach . The hadronic
rate estimates with tagged photons (up to about 11 GeV) at JLAB are about 102–104 s−1 with
100% duty cycle, a number which has to be compared to a about 103–104 hadronic events/spill
in COMPASS with tagged quasi-real photons of energies up to about 100 GeV.
In Beijing, the BEPCII machine will be commissioned soon. Two years ago the BES collab-
oration has published the observation of a new resonance at a mass of 1835 MeV/c2 in the
final state pi+pi−η, recoiling in a radiative J/Ψ decay (see Ablikim et al., Phys. Rev. Lett. 95,
(2005) 262001), depicted in Fig. 2. The statistics obtained does not allow a PWA, thus, little is
known about the quantum numbers. BES will be upgraded to BEPCII with a peak luminosity
of 1033 cm−2 s−1 (at a beam energy of 1.89 GeV) which is about 100 times higher than that of
BEPC. Main aims are the search for new states in the charm sector, but also in the light meson
systems (see CERN Courier Vol 43/3). Commissioning is expected in 2007.
Figure 2: pi+pi−η mass spectrum from BESII
B-factories have proven to be a very valuable tool for the spectroscopy of charmed mesons
and charmed exotics. The large number of new states found have confirmed the predictions that
narrow states occur at high masses. These studies are complementary to the light and strange
5
sector which seem to be less accessible. This is mainly due to the width of the resonances and the
need for partial wave analysis methods in order to find the states. In this respect, spectroscopy
of charmed mesons and exotics seem to be in its infants as it is governed mostly by peak hunting.
If given large enough statistics though, this production process could be very valuable owing to
the limited number of possible initial states relevant in such an analysis (see chapter below).
Light meson production in the annihilation of antiprotons with neutrons or protons have pre-
viously been studied at LEAR (Crystal Barrel-CB and Obelix) and Fermilab E835. COMPASS
has inherited the know-how from both experiments. While at LEAR these processes were mostly
studied with annihilation at rest, where the number of the initial state was limited and their
quantum numbers were known (or could be guessed). FNAL has studied annihilations at higher
energies (
√
s ≈ 3.5 GeV/c2). CB in particular has revolutionised this field demonstrating that
high statistics is mandatory to perform unambiguous partial wave analysis. This physics will be
pursued at the PANDA experiment at FAIR, the new project on the site of GSI. Here much
higher beam energies can be obtained using an internal target and both formation and pro-
duction studies of new states will be performed. No experience with the precision analysis of
annihilations at such high energies has been obtained.
1.5 Impact of new measurements
Owing to the nature of the excitation, the mass spectrum of glueballs and hybrids is par-
ticularly suited for lattice gauge calculations. The case of hybrids with exotic quantum numbers
are particularly useful, as no mixing with ordinary mesons has to be taken into account. Fig. 3
depicts various predictions together with two experimental candidates in the sector of 1−+. Pre-
dictions for light and strange hybrids are around 1.8 and 2.1 GeV/c2, respectively. Extensive
activities in this field can be witnessed in any lattice conference (Owing to new data, recent
activities have been observed in the field of charmed and beauty hybrids). Calculations also
predict the widths of such objects. New data at higher energies and in the sector of strangeness
thus are mandatory to give reference points for these calculations and to fix the gluonic string
excitations (and thereby the action) in these calculations.
Similar calculations exist for glueballs. Here, however, the difference of quenched and unquenched
considerations is much more important, due to the mixing with ordinary mesons.
Of course the experimental values for both, mass and width of new states possibly discov-
ered cannot be predicted. Unambiguous scientific impact however can certainly be guaranteed
by states with exotic quantum numbers. States with ordinary quantum numbers have to be
disentangled from ordinary mesons and in the best of all worlds, a coupled channel analysis will
yield the necessary information on the composition of such states. Lacking complete information
we rely on models and lattice calculations which should give a guideline for their interpretation.
Here again, the strange sector (thus higher masses as aimed for by COMPASS) will be much
easier to interpret. Once a 2++ state is found (possible partner of the 0++ f0(1500)) the energy
scale for gluonic excitations can be fixed, thus solving one of the major issues in non perturbative
QCD.
This physics program is supported by the full COMPASS collaboration with particular
engagement of Dubna, Protvino, Saclay, Torino and the two Munich universities. Currently
about 12 PhD students are involved in this part of the COMPASS physics program.
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Figure 3: Hybrid mass spectrum in units of pseudo-scalar to vector meson mass taken from
(C. Bernard, T. Burch, C. DeTar, S. Gottlieb, E. B. Gregory, U. M. Heller, J. Osborn, R. Sugar,
D. Toussaint, arXiv:hep-lat/0301024v2 - from lattice2003)
7
2 Primakoff analysis from the 2004 hadron pilot run
This Section summarised the data taking with a pion beam at the end of 2004 and the
first still preliminary results on the polarisability of the pion using the Primakoff reaction.
2.1 Introduction
In classical physics, the polarisability of a medium or a composite system is a well-known
concept related to the response of the system to the presence of an external electromagnetic
field. The electric polarisability α is defined as the proportionality constant between the electric
field and the induced dipole moment, while β is related to the response to a magnetic field.
This concept can be extended to the case of a composite particle, like the pion with a
qq quark content. In this case, the electric (αpi) and magnetic (βpi) polarisabilities probe the
response of the quark substructure to the presence of an external electromagnetic field, and give
a contribution to piγ Compton scattering. Those coefficients are fundamental parameters of any
theory describing the pion structure (see Refs. [2, 3] for reviews).
Among different models, Chiral Perturbation Theory (χPT) [4] has proved its validity by
well describing low-energy interactions in power series of the involved particle momenta. This
theory predicts sizable polarisabilities [5]:
αpi = (2.93 ± 0.5) × 10−4 fm3 and βpi = (−2.77 ± 0.5) × 10−4 fm3.
However, calculations based on dispersion relations [6] yield considerably larger effects, e.g. αpi =
6.6×10−4 fm3, in better agreement with the experimental world average of (5.9±1.1)×10−4 fm3
summarised in Fig. 5 and Table 1. The experimental data were obtained using various processes
and differ considerably in between each other. Many of them are also in disagreement with the
χPT prediction. The new measurement performed with the COMPASS spectrometer intends to
clarify the situation.
Pion polarisabilities can be studied via the Primakoff reaction pi + Z → pi ′ + Z + γ
(Fig. 4) and the first such measurement was performed in Protvino [7]. The large acceptance,
good energy resolution, and high rate capability of the COMPASS spectrometer [8], both for
pion and muon beams, opens the opportunity to measure αpi and βpi with significantly reduced
uncertainties [9–11] compared to the presently available data.
In the Primakoff reaction a charged pion electromagnetically scatters on a nuclear target
with the emission of a hard photon. It can be treated as Compton scattering of a quasi-real
photon, provided by the nuclear Coulomb field, on the pion. The momentum transferred to the
nucleus in a Primakoff reaction is very small,
√








Figure 4: Primakoff reaction.
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Figure 5: Measurements of the pion polaris-
ability αpi. Results for βpi were converted as-
suming αpi = −βpi.
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Table 1: Experimental values of αpi, (αpi + βpi), (αpi − βpi).
Data Reaction αpi [10
−4fm3]
Lebedev [13] γ + N → γ + N + pi 20±12
PLUTO [14] γγ → pi+pi− 19.1±4.8± 5.7
DM1 [15] γγ → pi+pi− 17.2±4.6
DM2 [16] γγ → pi+pi− 26.3±7.4
Mark II [17] γγ → pi+pi− 2.2±1.6
Serpukhov [7] pi + Z → pi + Z + γ 6.8±1.4±1.2
Data Reaction (αpi + βpi) [10
−4fm3]
Serpukhov [18] pi + Z → pi + Z + γ 1.4±3.1±2.8
Data Reaction (αpi − βpi) [10−4fm3]
Mami A2 [19] γ + p→ γ + pi+ + n 11.6±1.5±3.0±0.5










Here dσpl/dk2 describes the differential Compton cross-section for the scattering of a photon on a
point-like spin-0 particle [12]. Examining the functional shape for the polarisability contribution,
one finds that the linear combination (αpi + βpi) dominates at forward photon scattering angles
and (αpi − βpi) at backward angles.
2.2 The Pilot hadron run in 2004
The measurement of the Primakoff reaction requires a complete reconstruction of the four-
momenta of the beam pion, the scattered pion and the produced photon, with a sufficiently high
accuracy in order to isolate the Coulomb peak at small momentum transfer. In addition one
needs:
– Capability to handle a pion beam of high energy and intensity.
– A nuclear target with large Z with appropriate thickness in order to avoid a large photon
conversion in the target material and significant multiple scattering.
– A tracking system up- and downstream of the target for the precise measurement of the
pion scattering angle (typical value mpi/E1 ≈ 0.7 mrad) and for the vertex reconstruction
of the piγ system.
– A good particle identification system to select the beam and scattered particles compo-
nents.
– An efficient trigger on the Primakoff events.
– A minimum amount of material on the beam path downstream of the target in order to
avoid photon conversion.
– Well-controlled acceptance and precise understanding of the apparatus by a Monte Carlo
simulation.
COMPASS offers in a practically unique way these requirements, after the configuration used
for the muon runs is modified for data taking with a hadron beam. The possibility to switch
to a muon beam within a very short time allow for precise acceptance studies with a point-like
particle.
During the 2004 hadron run a negative hadron beam of nominally 190 GeV with a Gaussian
width of about 0.7% was used. This beam is mainly composed of pions, with a small contami-
nation of kaons (4.5%) and anti-protons (0.5%). A significant statistics of Primakoff events has
been also collected with a muon beam of 190 GeV with a width of 4%. From the point of view of














Figure 6: Schematic view of the Primakoff trigger system.
Table 2: Properties of the targets used in the COMPASS hadron run 2004.
Target A Z ρ [g/cm3] h [mm] h [X0] h [λI ]
Pb 207.2 82 11.35 2+1 0.54 0.018
Cu 63.5 29 8.96 3.55 0.25 0.024
C 12 6 2.2 23.5 0.12 0.060
to directly measure the response of the apparatus to a point-like particle. Therefore, the mea-
surement with a muon beam allows to accurately estimate the systematic errors affecting αpi
and βpi.
The targets used for the presented analysis of Primakoff measurements are shown in Ta-
ble 2. The targets are cylinders with a diameter of 3 cm and a length h depending on the required
number of radiation and interaction lengths. They are mounted in a veto box system which was
not used in this measurement.
The precise measurement of Q2, the transferred four-momentum squared, is of fundamental
importance for the polarisability measurement. A good resolution δQ of Q =
√
Q2 has to be
achieved in order to effectively separate the electromagnetic contribution from the diffractive
background. The main contributions to δQ come from multiple scattering of the scattered pion
in the target material. For COMPASS hadron setup δQ is about 20 MeV/c.
The momentum spread of the incoming beam is 0.7%, and the momentum of the scattered
pion is measured in the spectrometer with an accuracy δp/p = 0.35%. The precise measurement
of the pion scattering angle is provided by two silicon micro-strip telescopes placed at a distance
of about 1 m upstream and downstream of the target. The silicon planes are arranged in stations
with four projections each, one horizontal, one vertical and two tilted by 5 degrees. A total of
five stations were installed, two upstream and three downstream of the target. The silicon planes
have a typical spatial resolution of 6 µm, and the expected angular resolution of the two silicon
telescopes is better than 20 µrad.
COMPASS is equipped with electromagnetic and hadronic calorimeters in both stages,
called ECAL1/2, HCAL1/2, respectively. For the Primakoff reaction, the energy and position of
the photon electromagnetic showers were measured by the GAMS-type electromagnetic calorime-
ter ECAL2. The ECAL2 is located 36.3 m downstream of the target and is equipped with 3000
lead glass blocks with a cross-section of 3.8 × 3.8 cm2 each, thus providing an angular resolu-
tion better than 1 mrad for photons produced in the target. In the central region about 500
radiation-hard lead glass blocks were installed, leaving a central hole of 8× 8 cm2 for the beam.
The ECAL2 calorimeter measures the total energy deposited in the calorimeter by sum-
ming the contributions from the single blocks. For triggering purposes, two different thresholds
are applied to this signal. The triggers were formed using the following signals (Fig. 6):
– BM: Beam particles are detected by a coincidence of two scintillator counters, both with a
diameter of 5 cm, centred on the beam trajectory and placed at 10 m and 5 m upstream of
the hadron target. A veto system with a central hole of 4 cm in diameter, placed upstream
of the target, is used to reject beam particles not crossing the target material.
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– VT: A veto rejecting of signals with
(1) particles produced under large angles outside the calorimeter acceptance by two addi-
tional veto counters,
(2) non-interacting beam particles by means of a system of three small scintillators, centred
on the beam trajectory and placed between the SM2 magnet and ECAL2.
– HD: A specific trigger hodoscopes placed 35 m downstream of the target with a momentum
acceptance between 20 GeV/c and 110 GeV/c for the scattered pions.
– ECAL2 (Ethr) and HCAL2 (Ethr): Calorimetric triggers produced by clusters with an en-
ergy deposition higher than Ethr.
Two main triggers were used during the data taking called Primakoff1 and Primakoff2:
Primakoff1: BM × HD × ECAL2( 40 GeV) × HCAL2( 18 GeV) × VT,
Primakoff2: BM × ECAL2 (90 GeV) × VT.
2.3 Data taking
The layout of the COMPASS spectrometer used during the pilot hadron run of 2004
was for the major part unchanged with respect to the muon setup. The additional or modified
equipment was implemented between October 5 and 19 during a period of SPSS operation not
useful for COMPASS. After a test of the RICH performance with the hadron beam, it was filled
with nitrogen in order to reduce the photon conversion rate in the vessel. The commissioning
phase of the spectrometer with hadron beam lasted until November 2, 2004, when physics data
taking started.
Starting from November 1 at 16h00, the primary intensity at T6 target of the SPSS
was set to about 4 × 1012 protons/spill and the production target to 500 mm, resulting in a
beam intensity of 5× 106 pions/spill on the COMPASS target. Typical trigger rates in nominal
data taking conditions were 50k/spill for Primakoff1 and 35k/spill for Primakoff2. The stable
data taking period with the segmented (2+1) mm Pb target was from November 12, 17h30 to
November 14, 24h00. Data with muons of 190 GeV were taken from November 11 around 12h00
to November 12 around 16h30.
2.4 Analysis procedure
Assuming the condition αpi+βpi = 0, as theoretically motivated e.g. by the χPT prediction















































where E1 is the energy of incoming beam particle, E2 is the energy of the scattered pion, k2 is
the energy of the outgoing real photon, Q2 is the momentum transfer squared to the nucleus,





2E1(E1 − k2) (3)
while Q2max is chosen by an appropriate cut in the analysis. It is convenient for the extraction
of the polarisability, visible as a change of the shape of the cross-section with respect to the
point-like case, to introduce the ratio











































Figure 7: Distribution of the primary vertices in the xy-plane at the target position for the pion
beam (left) and the muon beam (right). The circle indicates the target with a radius of 1.5 cm.
z, cm



























Figure 8: Primary vertices as function of the
position along the beam (z) and the scattering
angle θpi. Also shown are the accepted regions
for the segmented lead target and for the vir-
tual target used for background subtraction.
, GeVclusterE






Figure 9: Cluster energy distribution for
ECAL2.
with ω = k2/E1. To a good approximation, Eq. 2 reads then







The exact form of Eq. 2 was used in the analysis.
2.5 Event selection
The range 0.5 < ω < 0.9 was selected for the present analysis, because the sensitivity to
the polarisability is small below ω = 0.5, while above ω = 0.9 muons cannot be reliably rejected
in the 2004 set-up. The lower threshold also ensures that the photon energy is well above the
trigger threshold. The analysis was performed using events from the Primakoff2 trigger only. The
data from the Primakoff1 trigger were used to study the threshold behaviour of the Primakoff2
trigger.
The Primakoff event candidates were selected requiring that only one primary vertex and
only one outgoing track with negative charge and momentum smaller than 170 GeV/c were
present in an event. This track must pass the spectrometer magnet SM2 and end before before
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Figure 10: Scattered muon identification effi-
ciency as function of the muon momentum.
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Figure 11: Transverse momentum pT as func-
tion of ω. The bands from K−, ρ− and e−
are visible. The latter lies well below the pT <
45 MeV/c cut.
 , GeV
 clusγ + Epi’p











Figure 12: Distribution of the total energy of
the scattered pion and the photon.
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2+1 mm Pb target
Figure 13: The Q2 distribution for 2+1 mm lead
target for pions and muons.
or in the calorimeter HCAL2. The vertex must lie within the physical target, where the allowed
range along the beam was ∆z = ±4 cm and ±30 cm for scattering angles larger and smaller
than 1 mrad, respectively (Figs. 7,8).
The photons detected in the calorimeter ECAL2 must have an energy larger than 7 GeV
(Fig. 9). Clusters generated by the scattered pion are rejected on the basis of the pion impact
point on ECAL2. Events with more than one remaining photon are not considered.
Muon rejection is essential, since the beam contains about 3% of muons causing a sig-
nificant background with Primakoff topology via µ− + (A,Z) → µ− + (A,Z) + γ. Due to the
respective cross-sections this background becomes more important with increasing photon en-
ergy or ω. The muon identification is based on the total thickness of material traversed measured
in radiation lengths and its efficiency is shown in Fig. 10.
Multiple Coulomb scattering in the 2+1 mm (0.5X0) thick lead target amounts to θms =
0.07 mrad for 190 GeV/c pions corresponding to a transverse momentum of pT = 15 MeV/c.
This limits the vertex resolution along the beam. For small scattering angles, events originating
e.g. in the close-by multiplicity counter can not be distinguished from good events anymore. We
therefore reject events with pT < 45 MeV/c. This also reduces efficiently the electron background












Figure 14: The Q2 distribution for 2+1 mm
lead target. Diffractive and empty-target back-
grounds are shown.
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Figure 15: Invariant piγ mass.
The exclusivity of Primakoff events is guaranteed by cuts on the total energy in the final
state Etot and on Q
2. First we select events with Etot = E
cal
γ + Epi′ in the range 165 GeV <
Epi < 215 GeV around the nominal beam energy of Eb = 190 GeV (Fig. 12). Here, E
cal
γ is the
photon energy measured in ECAL2 and Epi′ is the measured energy of the scattered pion. The
energy transfer to the nucleus can be neglected. The width of the reconstructed Etot peak is
about 6 GeV mainly due to the energy resolution of the photon measurement E calγ . To calculate
the 4-momentum transfer Q2 = (pb− (ppi′ + pγ))2 we use the experimentally much better known
beam energy Eb instead of the measured photon energy E
cal
γ implying Eγ = Eb −Epi′ .
Diffractive scattering can lead to the same pi−γ final state and thus represent a background,
which must be subtracted. It can be estimated from a comparison of the Q2 distributions for
pions and muons (Fig. 13). For pions the width of the Primakoff peak at Q2 ' 0 of about 20 MeV
is entirely given by the experimental resolution, while for muons also the spread of the beam mo-
mentum of 4% contributes. The diffractive background is fitted with an exponential function in
the range 0.02 < Q2 < 0.1 (GeV/c)2 and then extrapolated below the Primakoff peak (Fig. 14).
For the Primakoff analysis we accept events with Q2 < 7.5×10−3(GeV/c)2. It is more important
that full Primakoff sample is retained rather than to optimise the signal-to-background ratio.
To study the uncertainties related with diffractive and empty-target background subtraction,
the Q2 cut was varied from 0.75 × 10−3 (GeV/c)2 to 9× 10−3(GeV/c)2.
The invariant mass spectrum of the reconstructed pi−γ system obtained with the selection
criteria for the Primakoff reaction is shown in Fig. 15. The peak at about 480 MeV is caused by
beam K− decays into pi0pi−, where the subsequent pi0 decay is strongly asymmetric. The low-
energetic photon is not observed in the calorimeter. The high-energetic photon and the decay pi−
imitate a Primakoff event. At about 770 MeV, a similar peak is seen from ρ−, steming mostly
from diffractive production.
Since at Mpiγ ≈ 4mpi the interference with the ρ resonance sets in and the simple approach
used in this analysis can not be used, events with Mpiγ > 3.75 mpi were excluded from the
polarisability analysis. To study the influence of ρ meson decay the Mpiγ cut was varied in the
range from 3.3 to 4.0 mpi.
The background from beam K− decay can be estimated in the virtual empty target regions
indicated in Fig. 8. This method of background determination and subtraction is more precise
than using the dedicated empty target runs due to the better statistics. The empty-target back-
ground subtraction entirely removes the kaon contamination as demonstrated in comparison to
Monte Carlo simulations in Fig. 16.
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Mass spectrum after empty target background subtraction
Figure 16: The invariant piγ mass spectrum before (left) and after (right) empty-target back-
ground subtraction compared to Monte Carlo simulation.
Table 3: Monte Carlo (MC) and real data (RD) samples after cuts in the range 0.5 < ω < 0.9
for different beams and targets.
Target Beam MC sample RD sample
103 events 103 piγ events
Pb 1+2 mm pi 190 7
Pb 1+2 mm µ 760 52
C pi 23 1
Cu pi 23 1
2.6 Monte Carlo simulations
The detector acceptance and response for Primakoff events was studied using the standard
COMPASS tools, i.e. the COMGEANT Monte Carlo code based on the GEANT3 package
and the reconstruction program CORAL. Events were generated by the POLARIS [12] event
generator according to the Primakoff cross-section in Born approximation for point-like pions, i.e.
with αpi = βpi = 0. The kinematic domain was defined by Eb = 190 GeV, 40 < Eγ < 190 GeV,
s < 200 m2pi, and Q
2 < 0.85×10−3 (GeV/c)2. For the muon sample the cross-section for spin 1/2
particles was used. For both, the pion and muon beam a realistic phase space description was used
reproducing the energy spread, spot size and divergence. The trigger efficiency was parametrised
as a function of the energy deposited in ECAL2 according to the measured response. Possible
pile-up was also taken into account.
Apart from the Monte Carlo (MC) sample for the lead target also samples for the carbon
and copper targets were produced to verify that the Primakoff cross-section shows the expected
Z2 dependence, see Table 3.
An important parameter is the maximum Q2max value for the Primakoff sample. On one
hand the Q2max should be small to reduce the diffractive background in the pion data, on the
other hand it must be guaranteed that no Primakoff events leak out due to smearing in the
reconstructed Q2 value. This was studied using the muon sample which is almost background
free and thus allows us to study the spectrometer response to the Coulomb peak at Q2 ' 0. We
find that the Monte Carlo describes the Q2 shape well up to Q2 = 3× 10−3 (GeV/c)2 and then
deviates from the real data in the long-range tail (Fig. 17). The fraction of retained Primakoff
events as a function of the Q2max cut-off agrees for data and Monte Carlo for larger Q
2
max. For
Q2max = 0.005 (GeV/c)
2 the retained fraction is larger than 97%, both for data and Monte Carlo
(Fig. 18). The actual cut used is Q2max = 0.0075 (GeV/c)
2. Also the energy range 165–215 GeV
chosen for the total energy Etot = Epi′ +Eγ comprises the full Primakoff sample, both for Monte
Carlo and real data.












Figure 17: Comparison of Q2-distributions for
Monte Carlo and real data for muons.
2(GeV/c)2maxQ


















Figure 18: Fraction of retained Primakoff
events as a function of the Q2max cut-off pa-
rameter.
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Figure 19: Acceptance a as function of ω for
the 2+1 mm lead target for the pion and the
muon beam from Monte Carlo.
Z











Figure 20: The Z dependence of the Primakoff
cross-section ratios. The curve corresponds to
a Z2 dependence.
for muon and pion beam. The shapes are similar and smooth over the selected ω range. This
demonstrates that the COMPASS spectrometer and the selection criteria are well suited to study
the Primakoff reaction.
The final test of the Monte Carlo will be the demonstration that for the muon one obtains
zero polarisability (see Section 2.9).
2.7 Primakoff scattering on different nuclear targets
The comparison of data samples collected with carbon, copper and lead targets provides
the opportunity to study the quality of the Primakoff event selection by comparing the obtained
cross-section ratios to the expected Z2 dependence. This study was performed with a preliminary
cut of Q2max = 1.5 × 10−3 (GeV/c)2 and will be repeated with the final cut. The cross-section
ratios were calculated from the event numbers, luminosity and the acceptances obtained from
Monte Carlo simulations. The latter vary considerably (∼ 30%) mainly due to the different
probabilities for photon conversion in the various targets. The beam flux was normalised using
events originating in a scintillator downstream of the actual target. The signal-to-background
ratios obtained for the different materials are NPrim./Ndiffr. = 1.2, 3.8 and 30 for carbon, copper,
and lead, respectively.
The observed shape of the Primakoff cross-section ratios shown in Fig. 20 agrees very well
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Figure 21: Radiative correction factor Rrc as
function of ω. Contributions from top to bot-
tom on right side: vacuum polarisation, screen-
ing, Compton tensor, multi-photon exchange,
and sum.
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Figure 22: The ω-distributions for measured
signal, diffractive and empty-target back-
ground.
with the Z2 dependence expected in Born approximation for the Primakoff reaction (Eq. 2).
This proves that our selection criteria effectively select Primakoff events and reject background.
As consistency check also a rough estimate of the absolute Primakoff cross-section was
performed in the range 0.5 < ω < 0.9. Integrating Eq. 2 one finds for point-like pions
σPrimakoff = 21.5 nb× Z2 = 145 µb for lead. (6)
With the average pion flux of 5× 106 per spill we get a Primakoff cross-section of 100 µb in fair
agreement with the expected value. This study will be refined using directly the measured pion
flux in each spill.
2.8 Radiative corrections
Before the pion polarisability can be extracted from the data, radiative corrections have
to be taken into account. A complete treatment of the subject can be found in Ref. [21]. Apart
from corrections to the Compton tensor, also vacuum polarisation, multiple photon exchange,
screening of the nucleus’ charge and nuclear size effects were considered. Altogether more than
40 Feynman diagrams had to be calculated.
The calculations were carried out for the particular kinematics of the COMPASS exper-
iment using the RCFORGV code [21]. For muon scattering the calculations of the corrections to
the Compton tensor are not yet finished and the pion results were used for the time being.
The treatment of bremsstrahlung was modified to take into account multiple photon ex-
change for the rather large value of Z = 82 of lead. The completely differential expression from
Refs. [22–24] was numerically integrated taking into account the cut on the momentum transfer
to the nucleus.
The screening of the nucleon charge was calculated using Molie`re’s parametrisation of the
screening form factor [25]. Nuclear size effects are small in our case since the typical impact
parameter is large compared to the nuclear size.
Due to the large value of the electric charge of lead and the relativistic kinematics of the
high energy processes we find the largest effects due to the screening of the nucleus’ charge and
to multiple photon exchanges. The large Z value does however not lead to huge effects of higher
orders in powers of (Zα) because of the quasi-eikonal kinematics. The radiative corrections to
the lepton (pion) Compton tensor are of the order α without any large enhancement factor.
It is interesting to note that the total corrections have a rather flat dependence on the photon
energy, which accidentally happened due to the interplay of different contributions in the concrete
conditions. The resulting theoretical uncertainty in the description of the differential distribution
under consideration is estimated to be below 1%. The numerically most important effects can
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RC included
Figure 23: The ratio Rpi as function of ω.
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Figure 24: The ratio Rµ as function of ω.
be easily implemented into a Monte Carlo generator, since they appear as form factors in front
of the Born-level completely differential distribution. The radiative correction factors Rrc =
(σBorn + σrc)/σBorn for pion scattering is shown in Fig. 21. The corrections for the muon are
very similar.
2.9 Pion polarisabilities
The pion polarisabilities were evaluated under the assumption αpi + βpi = 0 by comparing
the measured Primakoff events with a Monte Carlo simulation for point-like pions in bins of
ω. For both, data and Monte Carlo, piγ events were selected as described in Sec. 2.5 with
Q2 < 0.0075 (GeV/c)2. The diffractive and empty-target background was determined (Sec. 2.5)
and subtracted from the data separately for each ω bin (Fig. 22). Radiative corrections were
applied to the data. The ratio of the cross-sections of a real and a point-like pion is then given by
the ratio of the corrected number of measured Primakoff events Nm(ω) and the corresponding








In Figure 23 the distribution of Rpi is presented. It was fitted with the function of Eq. 4 with two
free parameters: the absolute normalisation and βpi. For the magnetic polarisability we obtain
βpi = (−2.5 ± 1.7 (stat.) )× 10−4 fm3. (8)
The value of χ2/ndf of the fit is 16.7/14 = 1.2. The effect of radiative corrections is quite
important and ignoring them yields βpi = −3.2× 10−4 fm3.
The stability of the result was checked by varying the main cuts. The value of βpi is stable
for Q2max > 5× 10−3 (GeV/c)2 and Mmax < 3.9 mpi as can be expected from the considerations
in Sec. 2.5.
A direct cross-check of the Monte Carlo description of the apparatus and the validity of
the methods can be performed by determining the polarisability of the muon using the same
procedure. The ratio Rµ is shown in Fig. 24. As in the pion case the radiative corrections were
applied to the data. The fit of the hypothetical muon polarisability yields βµ = (−0.2 ± 0.5) ×
10−4 fm3 with χ2/ndf = 12.2/14 = 0.9 in excellent agreement with the zero expectation. We
take the statistical uncertainty of ±0.5× 10−4 fm3 as an estimate of the systematic error of βpi
due to the Monte Carlo model.
The systematic uncertainty in the background subtraction is evaluated from the variation
of βpi with the Q
2
max cut and the mass cut as ±0.3 × 10−4 fm3. Beyond ω > 0.9 the Primakoff
sample can be contaminated by unidentified muons. From the muon identification efficiency of
about 40% in the last ω bin and the number of rejected events we estimate that the number of
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Table 4: Contributions to the systematic uncertainty of βpi.
Origin Syst. Error
10−4 fm3
Setup description in MC ±0.5
Background subtraction ±0.3
Beam muons < 0.2















Figure 25: Measurements of the pion polarisability αpi. Results for βpi were converted assuming
αpi = −βpi.
unidentified muons in this bin is smaller than 3% corresponding to an effect of < 0.2× 10−4 fm3
on βpi.
We do not see any contribution of electron background via e− + Z → e− + γ for ω < 0.9,
mainly due to the small scattering angles and the pT cut applied. From the unused ω > 0.9
bin we estimate that the electron contamination in the last used ω bin is smaller than 1%
corresponding to < 0.1× 10−4 fm3 for βpi.
The systematic uncertainties are summarised in Table 4 and add up in quadrature to
0.6× 10−4 fm3.
2.10 Sketch of an improved measurement
The result presented in the previous sections is based on data taken within about three
days after the spectrometer had been set up and calibrated for the hadron run in 2004. Our
measurement can already compete with the most precise previous measurements and demon-
strates the potential of COMPASS in this field. In the following we sketch a possible scenario for
an improved measurement, taking into account the experience from the 2004 pilot run. We aim
at reducing the systematic uncertainty by about a factor three and the statistical uncertainty
by at least a factor four.
Besides statistics the largest uncertainty originates from the description of the set-up (see
Table 4). A larger sample of muon data will allow us to more accurately estimate the systematic
uncertainties arising from the Monte Carlo model and if necessary even to correct for deficiencies
of the model.
The uncertainty due to background subtraction can be reduced significantly by enlarging
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the free space around the target and by using CEDAR detectors for beam particle identification.
The analysis of the 2004 data revealed a gap in the particle identification for scattering
angles below 10 mrad and particle momenta below 20 GeV/c. Such particles pass through
the central holes of the first spectrometer and miss the second one because of the too strong
deflection in the SM2 magnet. This restricts the usable ω range to ω < 0.9 and may cause muon
contamination in the highest ω bins. For a new measurement we will ensure particle identification
also for 0.9 < ω < 0.95, where the polarisability effects are strongest. Simultaneously the muon
contamination of the Primakoff event sample will be reduced.
Further studies are under way to optimise the target material and position as well as the
Primakoff trigger hardware and logics. Also considered is the insertion of an electron converter
in the beam line to suppress the electron contamination.
With the improved DAQ (see Sec. 4.5) and the extended ω range, a reduction of the
statistical uncertainty by a factor four should be achievable with a measurement of one to two
months.
2.11 Conclusion from the 2004 Primakoff measurement
COMPASS has measured the pion polarisability with a precision compatible with the best
previous measurements. The preliminary result obtained for the magnetic polarisability under
the assumption αpi + βpi = 0 is
βpi = (−2.5 ± 1.7 (stat.) ± 0.6 (syst.) )× 10−4 fm3. (9)
This is in excellent agreement with the prediction by chiral perturbation theory of β pi = (−2.8±
0.5)×10−4 fm3 and αpi +βpi = 0.16×10−4 fm3. The updated summary of the experimental data
is shown in Fig. 25.
Taking into consideration the disagreement of the individual previous measurements in
between each other and with the χPT prediction, a new precise measurement is the only way
to settle the fundamental matter of pion polarisabilities.
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3 Hadron spectroscopy, preparation of partial wave analysis
3.1 Available tools and primary physics objectives
Within the COMPASS collaboration the know-how of basically two partial amplitude analysis
techniques is available:
– The Mass Independent Partial Wave Analysis method (MIPWA) [26] has been applied
in several previous experiments at Brookhaven (E852), at Protvino (VES) and at CERN
(WA102), amongst others. It has also been applied to COMPASS muon data and to data
from the pilot hadron run in 2004 [27]. Moreover, it is being applied to Monte-Carlo
generated data in order to study the impact of spectrometer acceptance and resolution on
the results of partial wave analyses.
– The Isobar Model Partial Amplitude Analysis method (IMPAA) [28] has previously been
applied to Crystal-Barrel data for antiprotons interacting in flight with protons and to pp¯
data from Fermilab experiment E835. It is also being applied to Monte Carlo generated
data in order to obtain alternative and complementary information on the impact of
detector resolution and acceptance to partial wave analysis results.
The physics objectives of the COMPASS hadron spectroscopy programme with hadron beams
was extensively described in the COMPASS Proposal and the recent Memorandum [1] to the
SPSC. In our study of the performance of the future spectrometer set-up for hadron beams, we
have focused on two classes of objectives considered to be of prime importance in our proposed
(non-charmed) hadron programme
– One is the production and investigation of resonances like pi1(1400) by diffractive or
diffractive-like excitation of the incoming pion beam. The resonance pi1(1400)—seen in
several previous experiments at BNL, Protvino and CERN—has an exotic quantum num-
ber combination JPC = 1−+ , thus it is manifestly a non-qq meson. It will provide the
most outstanding evidence per se for the existence of non-qq mesons, once fully established
and accepted by the physics community. In view of this potential key role, a further ex-
perimental confirmation appears of prime importance even though two experiments, E852
and Crystal-Barrel, have already claimed to provide strong evidence for the occurrence
of such a resonance. (A detailed discussion of this issue can be found in the previous
memorandum to the SPSC [1]).
– The other one is the production and analysis of scalar, isoscalar f mesons decaying to
pipi, KK, ηη, 4pi and produced in the central region of pip interactions, in order to obtain
further experimental input to the question which structures in the mass range of 1500 MeV
carry components of the scalar glueball predicted by QCD-lattice calculations in this
mass range and components of hadronic molecules or 4-quark states. In addition to these
projects which aim to clarify the scalar light meson sector, the search for tensor isoscalar
f mesons at masses above 2000 MeV where the tensor glueball has been predicted (as well
by lattice calculations) is one of the major goals, given the fact that with the COMPASS
experiment the mass range above 2000 MeV is accessible whilst it was not for the Crystal-
Barrel experiment.
In the following, we shortly describe the two partial wave analysis techniques used by the
COMPASS Collaboration, and outline their recent applications to muon data, to hadron data
from the pilot run in 2004 and to ongoing Monte Carlo studies of the detector performance
with hadron beams. More details on the complex mathematical formalisms involved in these
techniques can be found in Refs. [26–28] and references therein.
3.2 Mass Independent Partial Wave Analysis
In the MIPWA method, it is assumed that the exclusive mesonic final state is produced
by the exchange of a (“t-channel”) Reggeon, in diffractive or diffractive-like interactions of the
incoming pion with the target proton. This assumption can be tested—and has been validated
in previous experiments—by a measurement of the t-distribution, where t is the invariant 4-
momentum transfer squared to the target proton. The t-distribution is exponentially falling with
increasing |t|. The (rather slow) recoil proton, measured by the recoil proton detector carries the
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information on t. The differential cross-section as a function of the momenta τ of the N mesons
produced in the projectile fragmentation region are described by an incoherent sum over the
two intensities belonging to positive and negative naturality η. The naturality η is positive if
the parity of the exchanged Reggeon is equal to (−1)Jex , where Jex is its angular momentum,
and negative in the other case. Each of the two intensities is obtained from a coherent sum over
products of a production amplitude times a decay amplitude, which depend on the total spin
J and spin projection M onto the z-axis of the N meson state X. Only the decay amplitudes
depend on the meson momenta τ . They are known functions of the momenta, for given J and
M . (The momenta are usually measured in the Gottfried-Jackson reference frame: where X is
at rest, the z-axis coincides with the beam direction and the y-axis is vertical to the production
plane). The production amplitudes for a given J and M (and η) are assumed to be complex
constants, to be determined by a fit to the data.
The fits are done separately for a set of mass bins of the invariant mass of the N meson
system X, therefore this PWA was called mass-independent. The optimisation procedure max-
imises the logarithm of the likelihood function as a function of the production amplitudes. The
likelihood function is defined as the product of the weights of all individual measured events
derived from the assumed partial amplitude description of the differential cross-section. The
logarithm of this function transforms the product into a sum. To take the detector acceptance
into account, a parallel sample of Monte Carlo events, phase space distributed is required for
this log likelihood method.
3.3 Applications of MIPWA to experimental and Monte Carlo data
This formalism has already been applied to muon data. The known lepton vertex, produc-
ing transverse and longitudinal virtual photons, renders the formalism more complex but the
structure is the same. Instead of the Gottfried–Jackson frame the helicity frame is used for the
N -meson final state and the helicities of the virtual photon and of the N -meson state replace
the spin projection M of the N -meson state as before. (In the helicity frame, X is at rest, the
z-axis is the direction vertical to the decay plane and the y-axis is vertical to the beam axis and
the z-axis).
As a first application of this method, the (exclusive) reaction µA→ µA′4pi with 4 charged
pions has been selected from data taken with the muon beam and has been investigated using
the MIPWA. A short description of the study and the results can be found in the previous
SPSC Memorandum [1]. It has been emphasised that this study mainly served to demonstrate
the potential of the COMPASS spectrometer to provide data suited for partial wave analyses
given its uniform acceptance and high rate capability.
The second application of this formalism—in a somewhat simplified version—was to data,
taken with a (negative) pion beam during the pilot hadron run. The reaction pi Pb→ 3pi Pb has
been selected and studied using the MIPWA. The results of this investigation can be found in
the Diploma Thesis by S. Grabmu¨ller, TU Munich [27].
The third application was to Monte Carlo data. Here the goal is to test the power and
precision of the method. The task is to find and reproduce the set of partial amplitudes which
was used to generate the events, after the events are reconstructed in the spectrometer. This
approach comprises three steps:
1. Generation of phase-space-distributed events, propagation of the particles through the
spectrometer and reconstruction in order to determine the acceptance of the detector.
Accepted events are selected like for real data.
2. Weighting of the Monte Carlo sample with the partial waves according to a theoretical or
phenomenological model.
3. Partial wave analysis of the Monte Carlo data obtained in step 2.
In this way, the effect of detector acceptance, efficiency and resolution as well as of limited data
statistics and simplifying assumptions of the PWA can be investigated.
The analysis of the µA → µA′4pi data [1] shows two dominant and stable JPC contri-
butions, namely for JPC = 1−− and JPC = 2−− together with a number of less significant
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contributions. When only these two dominant contributions were generated above an incoherent
background, it was found that for a perfect detector resolution the input partial waves were
reproduced correctly within the statistical errors. However, when realistic detector resolutions
were used some small wrong intensities were found. The conclusions from the analysis of the
muon data and from this study with muon Monte Carlo data are:
– The MIPWA method is able to separate 20–30 different spin-parity and helicity amplitudes
for the investigated reaction with four charged pions.
– The dominant intensities 1−− and 2−− are well reproduced by the PWA of the Monte
Carlo data, which fully take into account the spectrometer resolution and efficiency.
– About 10–20% of the physical intensity may migrate mainly to additional fake helicity
and naturality components and 3–5% to additional artificial J PC components, see Fig. 26.
This effect drastically reduces for ideal detector resolution and will be further investigated.
Similar Monte Carlo studies are now under way for pion–proton scattering, in particular for
diffractive projectile excitation.
3.4 Isobar Model Partial Amplitude Analysis
The other partial amplitude analysis method IMPAA is presently being developed with
the main emphasis on a Monte Carlo study of the central production of isoscalar resonances in
pion–proton interactions.





















































































































Figure 26: Results from the Monte Carlo study; various intensities are shown as a function of
the invariant 4pi-mass for different combinations of JPCM, Λ(γ) and η where JPCM refers to
the total spin J , intrinsic parity P , C-parity and helicity M of the 4pi system, Λ(γ) refers to the
γ-helicity and η to the naturality. In a) and b) the only two input contributions (corresponding
to the two dominant contributions found in the experimental data) are shown (upper continuous
crosses), as they were generated and subsequently reconstructed (lower dashes crosses). In c) to
f) additional wrong intensities are shown, as found in the partial wave reconstruction (dashed
crosses). The dotted crosses close to zero, visible in c) to f) were obtained with ideal detector
resolution.
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It is assumed that the target proton and the projectile pion both radiate a Pomeron (with
a longitudinal momentum spectrum typical for bremsstrahlung), and t distributions typical
for independent elastic (Pomeron) vertices at the p and pi side, and, moreover, a flat rapidity
distribution of the centrally produced resonance X within 2 units around the pion–proton c.m.
rapidity. The isobar X is then produced at a polar angle θ with respect to the beam (z) direction
(in the c.m. system) and azimuthal angle φ with respect to the x direction in the xy plane.
(The 3-momentum vector of X together with that of one of the two Pomerons, i.e. of the two
momentum transfer vectors to pi and p define the production plane.)
The IMPAA includes independent amplitudes for each spin component λ along the beam
direction and production angular momentum L of the centrally produced isobar X. A simplifi-
cation of the reference frames has been introduced and successfully applied to analyse in-flight
antiproton–proton data from the CERN Crystal-Barrel experiment and Fermilab experiment
E835. The formalism is described in Ref. [28]. A sequence of rotations, called Wick rotations, by
θ and φ to the direction of flight of X and a Lorentz boost to the rest system of X is performed.
The transition amplitude is invariant under a Lorentz transformation. Wick rotations back by
−φ and −θ cancel the D functions which would otherwise be needed. These operations allow
to describe the decay of the resonance by spherical harmonics YJλ(α, β) where J is the spin of
the resonance, λ its projection to the beam axis and α and β are the polar and the azimuthal
angles of one of the two decay particles of X, in the rest system of X.
The amplitudes are parametrised as products of a complex production constant for a given
J and λ and relativistic Breit–Wigner functions with mass dependent widths. Blatt–Weisskopf
barrier factors are included.
Resonance yields are obtained by summing the intensity of a given resonance over its
spin projections λ and integrating the sum over phase space. The total intensity is obtained by
integrating the squared magnitude of the sum of all amplitudes. The latter, unlike the resonance
yields, includes interferences of different resonances.
The log-likelihood lnL is similarly defined as in MIPWA. For given numbers N of data
events and M of Monte Carlo events, the free parameters of the fit, the complex production
amplitudes, are optimized in order to give the most negative value of − lnL. With this definition,
and for a fixed set of parameters, a reduction of lnL by 0.5 is statistically significant and
corresponds to one standard deviation.
Masses and widths are optimised one at a time in lnL scans, keeping the masses and
widths of the other resonances fixed at the values listed in the Particle Data Group tables [29].
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4 Spectrometer in 2007
For the run with hadron beam, the major modification of the COMPASS setup is the tar-
get region where the polarised target will be substituted by a liquid hydrogen target surrounded
by a Time-of-Flight (ToF) system, as shown in Fig. 27. To the existing upstream silicon tele-
scope, a downstream telescope will be added to precisely measure the direction of secondary
particles produced in the target. In addition and as described in Section 2.3.1 of Ref. [1], several













































































Figure 27: Hadron run layout in 2007.
4.1 Target, recoil proton detector and cold silicon tracker
The slow recoil proton produced at large angle in central production and diffractive pro-
jectile excitation will be detected by the Recoil Proton Detector (RPD) which surrounds a 40 cm
long liquid hydrogen target, as shown in Fig. 28 (left). It was originally designed for the NA12
experiment and modified to match the COMPASS target length and acceptance of 60◦ − 90◦.
The RPD is made of an inner ring and an outer ring of scintillator counters equipped with PMs
fixed to a cylindrical support structure.
Figure 28: (left) Target region showing: - the upstream silicon microstrip tracker, - the liquid hydrogen
target, - the inner and outer ToF scintillator rings, - the downstream silicon microstrip tracker; (right)
the cold silicon conical cryostat.
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Two silicon microstrip telescopes are installed upstream and downstream of the LH2 tar-
get. To guarantee good radiation hardness, they will be cooled to liquid N2 temperature. For
good vertex reconstruction and high acceptance, the distance between the silicon telescopes and
the target had to be minimised and the downstream silicon telescope is integrated into a conical
cryostat as shown in Fig. 28 (right) attached to the RPD structure.
The liquid hydrogen target [30] is under construction at CERN. It will be installed at the
end of April in the experimental hall in order to be fully tested. The existing 24 scintillators of
the RPD outer ring were found to have degraded light transmission. They are being rebuilt by
the Protvino Group and will arrive at CERN end of June 2007 [31]. Two prototypes have been
delivered to CERN for testing. The 12 new scintillator counters for the inner ring are built by
the Mainz group [32] and will be available in June. The cold silicon detectors are constructed
by the TU Munich group [33]. The design of the conical cryostat, a joint TUM/INFN-Torino
project, is being finalised.
Figure 29: (left) The proposed RPD readout and the FPGA based trigger logic; (right) the measured
transit time (10 ns) and dispersion (3 ns) for the FPGA test.
The RPD is a critical component which enters in the definition of the trigger for hadron
events as discussed in Section 4.4. It performs precise ToF measurements with an accuracy of
about 350 ps and also amplitude measurements to be able to identify protons, pions and elec-
trons. A group at CEA-Saclay in collaboration with the Bonn, Mainz and Warsaw COMPASS
teams has proposed to take the responsibility of the RPD read out and of the trigger electronics.
The proposed read out scheme [34] is shown in Fig. 29 (left). The trigger electronics is based
on a Field-Programmable Gate Array (FPGA) system. A test was performed to evaluate the
transit time and dispersion of the signals through the FPGA. A transit time of 10 ns and a
dispersion (without optimisation) of 3 ns were measured, as shown in Fig. 29 (right) which are
compatible with the timing constraints of the COMPASS trigger system.
A precise calibration of the RPD using the muon halo tracks is foreseen. It necessitates to
orient the system perpendicular to the beam axis and has to be performed prior to the insertion
of the liquid H2 target and the silicon cryostat. An interesting option to perform this calibration
during the 2007 muon running is under study.
4.2 Pixel-Gems
A big effort has been dedicated to minimise the amount of material along the beam path
and in the region close to it, thus reducing the background from secondary interactions. New
GEM detectors, with a pixelised readout in the central region (see Fig. 30), have been developed
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to replace a major fraction of the scintillating fibre detectors for the tracking of particles at very
small angles.
Figure 30: A pixelised GEM detector
A prototype has been successfully operated at the end of the 2006 run using local beam
intensities similar to the projected 2007 rates. Preliminary results have been presented [35].
Using a hadron beam (mainly pions) of 190 GeV with an intensity of 106 /s and a beam spot
on detector of 5 × 2 mm2 corresponding to a maximum density of 4 × 104 pi /mm2/s, the
prototype operated at nominal gain. Preliminary analysis shows promising performances. A
position resolution of 90 µm and timing resolution of 8 ns were measured. Operation was stable
and no trip was observed. It is foreseen to install 3 Pixel GEM stations at the positions shown
in Fig. 27 in 2007.
4.3 ECAL1 and ECAL2
Electromagnetic calorimetry with excellent performances is essential for the COMPASS
hadron programme. The spectrometer is presently equipped with ECAL1 in the upstream section
and ECAL2 in the downstream section, as shown in Fig. 27.
Figure 31: ECAL1
27
The ECAL1 which is made of three types of lead glass blocks of different sizes called
GAMS, Mainz and OLGA (see Fig. 31) has been installed and commissioned in 2006. There has
been considerable progress in the understanding of both ECALs properties. As an illustration,
the pi0 mass peak obtained in ECAL1 and ECAL2 during the 2006 muon run is shown in Fig. 32
(left) and the η mass peak obtained in ECAL2 during the 2004 pilot hadron run (Primakoff data
taking) is shown in Fig. 32 (right).
Figure 32: (left) pi0 decays into γγ seen by ECAL1 and ECAL2 (2006 muon run); (right) η decays into
γγ seen in ECAL2 (2004 pilot hadron run).
The high radiation dose at small angle expected for the hadron beam running affects
particularly the central area of ECAL2. Therefore, it has been decided to replace the present
lead glass blocks by radiation hard Shashlik modules. The Protvino group is in charge of the
construction of these modules. The testing of prototypes with an electron beam at IHEP Protvino
gave very promising results. It is foreseen to replace the GAMs lead glass blocks in the centre
(at least 240 blocks) by Shashlik modules during the muon to hadron run change over [36]. In
addition, the beam hole will be reduced to 8× 8 cm2.
4.4 Trigger
The COMPASS hadron trigger will perform the selection of central production and diffrac-
tive beam dissociation events. The components, schematically shown in Fig. 33, are described
below:
- The recoil proton trigger: the emission of one single low momentum charged particle
at large angles is a distinctive signature of both, central production and diffractive scattering.
Therefore an essential part of the hadron trigger is the detection of slow recoil protons. The
recoil proton trigger is provided by the time-of-flight system described in section 4.1. The trigger
is determined by the coincidence between the inner and outer scintillator rings, selecting only
elements which are geometrically correlated, as shown Fig. 34. The efficiency of the recoil proton
trigger, extensively studied by means of Monte Carlo simulations is close to 100% for proton
momenta above 290 MeV/c.
- The beam definition: a set of veto counters located upstream of the target is used
to reject events for which the incident particle does not cross the target cell. Two hodoscopes
of 30 × 30 cm2 with a circular shape adjustable central hole of about 4 cm diameter, will be
installed at the exit of the beam tunnel and immediately upstream of the target system. In
order to reject particles which might produce a hit in one of the counters of the recoil proton
trigger, a larger hodoscope with a surface of about 160×160 cm2 and an adjustable central hole
of 30 × 30 cm2, will also be installed upstream of the target. All hodoscopes exist already and












































Figure 33: Schematic view of the hadron trigger, concept and components.
RING A
RING B
Figure 34: Geometry of the inner and outer RPD scintillator barrels.
- The forward veto: events with particles (charged or photons) emitted outside the
acceptance of the spectrometer are rejected by means of a forward veto system, installed im-
mediately downstream of the target. The detector with an active surface of 150 × 150 cm2 and
a central square hole matching the acceptance of the spectrometer is made of interleaved scin-
tillator and lead planes (“sandwich counter”). It was originally built for the NA12 experiment
and has wavelength-shifting lightguide placed on each side of the counter which collects light
produced onto four photomultipliers. The present size of the inner hole of 36 × 36 cm2 will be
increased to 56 × 56 cm2 to match the ±180 mrad acceptance of the COMPASS spectrometer.
This work is planned for May/June 2007.
- The forward hodoscope: in central production the beam particle is scattered at
small angles and should lose at most about 10% of its energy in the interaction. These high
energy scattered particles follow therefore trajectories close to the beam. Such particles will be
detected by a scintillator hodoscope located immediately in front of the second electromagnetic
calorimeter. Several existing hardware options are being investigated to find the optimal solution
in terms of acceptance and background rates.
Elastic pip scattering and electromagnetic processes, in particular the emission of delta
electrons can mimic the signature of a recoil target proton. Such events will be suppressed by
requiring, in addition to the scattered pion, charged particles or high energy photons in the final
state:
- Charged particles: a multiplicity hodoscope installed immediately downstream of the
target will require the emission of at least one charged particle at relatively large angles from the
target. The hodoscope, made of 10 trapezoidal scintillator plates combined in a pie-like geometry
has an overall diameter of 60 cm, and has a central hole of 5 cm diameter. The geometry was
optimised with Monte Carlo simulations so that the detection efficiency of central production
and diffractive scattering events with charged final states is close to 100%.
- High energy photons: they are selected by requiring a minimum energy deposited in
the two electromagnetic calorimeters. The way the energy information is handled at the trigger
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Figure 35: Sketch of the GEANT geometry of the hadron 2007 setup.
level is different for the two electromagnetic calorimeters. In ECAL1, the sum of individual
clusters of 4 × 4 cells is performed, while in ECAL2 the overall sum of all calorimeter cells is
provided.
The trigger logic differs for the two types of selected events:
- Central production events will be selected by requiring a signal in the recoil detector
and in the trigger hodoscope, and no signal in the veto counters. Events with charged or neutral
particles in the final state in addition to the scattered hadron will be enhanced by requiring
either a signal in the multiplicity counter or a minimum energy deposit in the electromagnetic
calorimeters.
- Diffractive beam dissociation events will be selected by excluding the forward
hodoscope from the trigger. Due to the large value of the diffractive cross-section, the diffractive
trigger will be prescaled in order not to saturate the COMPASS DAQ.
4.5 COMPASS data acquisition
The COMPASS DAQ system, in use since the beginning of the experiment, has been
continuously improved. It was able to handle during the 2006 data taking a trigger rate of
10 kHz with less than 10% dead-time, giving an averaged data flux up to 100 MB/s.
The final goal for the hadron run is to handle a trigger rate of up to 50 kHz with a dead-
time less than 20%. An online filter system will also be designed to throw away a large part of
the background events and to reduce the data flux to less than 200 MB/s, compatible with the
central data recording system and with the COMPASS budget dedicated to raw data tapes.
Full scale tests have been done at the end of the 2006 data taking to measure the perfor-
mances of the DAQ system under these conditions and to search for possible bottlenecks. These
limitations were analysed and fixed during the winter shutdown.
An online filter system is actually developed for the hadron run, using rejection algorithms
based on electromagnetic calorimeters clusters. Other algorithms are also envisaged but not yet



























Figure 36: Angular distributions of the reconstructed polar and azimuthal angles in the Gottfried–
Jackson frame, for positive pions produced in the reaction pi− p → pi− pi+ pi− ps.
4.6 Spectrometer acceptance for the hadron setup
The main objective of the Monte Carlo studies presented in this section was to demon-
strate the potential of the COMPASS experiment in the identification of resonances and the
determination of their quantum numbers.
Specifically, we have considered the case of resonant states, with masses ranging between
1.3 and 2 GeV/c2, produced in central pi−-proton collisions, at a beam energy of 190 GeV and
decaying according to phase space. Events with isotropic angular distributions of the decay
products were simulated in order to estimate the experimental acceptance and correct for it in
the final step of the data analysis. Several decay modes of the resonances were considered. The
generated events are used as input of a full Monte Carlo simulation of the experimental setup
based on the GEANT3 detector simulation package. The response of all tracking detectors—
calorimeters, RICH and trigger elements—is simulated including those specific to the hadron
beam measurements, in particular the recoil proton detector and the GEMs with pixelised read-
out. A sketch of the experimental setup implemented in the Monte Carlo simulation is shown in
Fig. 35. Secondary interactions of particles and pile-up effects were simulated as well. Events are
then reconstructed by the standard COMPASS reconstruction software (CORAL) on the basis
of the simulated detector responses.
The reconstructed events undergo a selection based on exclusivity requirements, track
quality and hit multiplicity, and a sample of fully reconstructed events is produced. The results
of this acceptance study have already been shown in the previous SPSC memo [1], ”Monte Carlo
simulation of the experimental setup”: Section 2.3.3 pp. 16–18 and ”Expected event rates”:
Section 2.3.4, pp. 18–19.
As an illustration, we show in Fig. 36 the distribution of the polar and azimuthal angles
of the positive pions in the Gottfried–Jackson frame calculated from the track parameters. Since
the generated events have a flat distribution, the deviation from the flatness indicates effects
introduced by the apparatus’ acceptance. The decrease of the counting rates near cos(θ) =
−1 and +1 reflects the loss of very low energy particles with angles outside the large angle
spectrometer and of very high energy particles close to the beam.
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